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ABSTRACT: A C102H30 graphene sheet has been rolled up to construct Single-Walled Carbon 
NanoTube Fragments (SWCNTFs) as parts of armchair carbon nanotubes by computational quantum 
chemistry methods. Non-covalent cation-π interactions of the Na+ cation on the central rings of 
SWCNTFs have investigated. The binding energies of the Na+-SWCNTF complexes versus true 
strain parameter (R) change in three brands. Structural parameters, electron charge density values, 
and also effects of aromaticity on the binding energies were gauged. Results show that partially 
localization of the π electron clouds of SWCNTFs enhances strength of the cation-π interactions  
in some cases. Thus, changing the π electron clouds of SWCNTs may help to improve surface 
modification of these materials through the cation-π interactions, which has important applications 
such as storage of electric energy by transportation of cations through the walls of SWCNTs and 
enhancement of the hydrogen adsorption compared to pure SWCNTs. 
 
 




Carbon NanoTubes (CNTs) are allotropes of carbon. 
Single-Walled Carbon NanoTubes (SWCNTs) and Multi-
Walled Carbon Nanotubes (MWCNTs) are two well-known 
types of these materials [1]. 
The p-orbital electrons of the graphene sheet organize  
in band valence (π) and conduction (π*) bands [2]. When 
graphene sheet is rolled up to the cylindrical form of 
SWCNT, its π and π* electron clouds change which causes 
partial σ- π hybridization [3]. Naseri et al. have investigated 
adsorption of some organic dyes from aqueous solution 
onto graphene nanosheets [4]. Results o indicated that 
graphene has exceptional capacity to remove organic dyes 




Electronic properties of SWCNTs make them 
valuable biosensors [5,6]. CNTs have unique properties 
and contribute in drug delivery processes for treatment of 
various diseases [7]. For example, CNTs act as effective 
drug delivery carriers in cancer therapy [8]. CNTs deliver 
smaller doses of drugs in the body and lead to lower side 
effects and higher efficiency in the disease cell targeting 
processes [9]. 
Surface modification of SWCNTs through covalent  
or non-covalent interactions is an effort to increase 
solubility of these materials in various solvents [10-14]. 
Unlike covalent functionalization of SWCNTs, which 
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of these materials, non-covalent modifications increase 
solubility of SWCNTs and preserve geometric, electronic 
and mechanical properties of them. 
Cation-π interactions are non-covalent forces between 
a monopole (cation) and a quadrupole (π system). These 
interactions have basically different nature than bonding 
between transition metals and π systems which has 
covalent characteristics [15,16]. The amino acid side 
chains of phenylalanine, tryptophan, tyrosine and 
histidine can bind to the cations and charged amino acid 
side chains. Moreover, macromolecular binding sites 
consist of anionic groups which have an affinity for  
the cations. Thus, cation-π interactions emerge in these 
situations and contribute to the structure and function of 
proteins [17]. Also, DNA bases participate in cation-π 
interactions [18,19]. 
Cation-π interactions are essential for binding and 
activating nicotinic acetylcholine receptors through 
making structural changes to a tryptophan residue [20]. 
Indeed, these interactions have fundamental roles in 
selective activating of brain receptors by nicotine [21,22]. 
Furthermore, cation-π interactions stabilize buildup of 
positive charge in transition states and catalyze chemical 
reactions [16]. 
Some authors showed that SWCNTs can  
self-assemble during growth into moderately ordered  
two dimensional ropes [23]. These SWCNT ropes  
can be doped to form metallic conductors which have 
positive applications [24,25]. Alkali-doped SWCNTs 
absorb higher amounts of hydrogen than pure SWCNTs 
[26,27]. Also, alkali-doped SWCNTs have utilized in 
chargeable lithium batteries [28,29]. In fact, these devices 
act on the basis of cation-π interactions and facilitate 
storage of electric energy by transportation of cations 
through the walls of SWCNTs [30]. 
George Froudakis et al. have studied cation-π 
interactions on outer sidewalls of different SWCNTs  
by ab anitio and Molecular Mechanic calculations.  
They showed that cation is located on top of a phenyl 
group of the nanotubes and concluded that cation-π interaction 
is not affected by the type of cation or the diameter  
of the nanotubes [31]. 
Effect of the curvature of SWCNTs on lithium storage 
has been investigated by ab anitio and Molecular Dynamic 
simulations. Results revealed that cations remain attached 
to the SWCNTs even at room temperature [32].  
Surfactants with small cations (H+, Li+ and Na+)  
can modify electronic properties of SWCNTs. Therefore, 
cation-π interactions play significant roles in selective 
modification of SWCNTs [33]. The influence of 
electronic factors and aromaticity of the π system on the 
cation-π interactions have been explored in polycyclic 
systems by Narahary Sastry et al. [34]. They showed  
that Li+ and Na+ cations bind to both the convex  
and concave faces of bulky bowls, but there is more 
preference for binding to the convex faces. Also, they 
revealed that binding of the cations is controlled by 
electronic factors and is independent of the bowl depth. 
SWCNs with different diameters and changeable 
surface areas are good beds for interactions of ions [35]. 
Surface modifications of SWCNTs through non-covalent 
interactions improve electronic structure of them. 
Because alkali-doped SWCNTs are able to absorb higher 
amounts of hydrogen than pure SWCNTs and cation-π 
interactions facilitate storage of electric energy by 
transportation of cations thorough the walls of SWCNTs, 
it is necessary to recognize effects of various factors 
which manage surface modification of SWCNTs through 
the cation-π interactions. 
Strength of the cation-π interactions is controlled by 
several factors such as nature of the cation and π systems. 
It seems that, delocalization and localization of the  
π electron clouds of SWCNTs to be important in  
non-covalent functionalization of these materials through 
the cation-π interactions.   
In this work, a C102H30 graphene sheet has rolled up 
by computational quantum chemistry methods to 
construct single-walled carbon nanotube fragments 
(SWCNTFs) as parts of armchair carbon nanotubes. 
These SWCNTFs have the same number of atoms and 
represent parts of SWCNTs with different outer 
diameters. The cation-π interactions of the Na+ cation on 
the central rings of SWCNTFs have investigated. 
Interactions of cations with SWCNTs modify surfaces of 
these materials and cation-SWCNT complexes have 
important applications such as in storage of electric 
energy and can also adsorb higher amounts of hydrogen 
compared to pure SWCNTs. Therefore, better interactions 
of cations with SWCNTs make them more usable  
in storage of electric energy and adsorption of hydrogen. 
Thus, effects of various factors on cation-π interactions of 
Na+ cation on SWCNTFs (which represent behavior of 























Scheme 1: Rolling up the C102H30 graphene sheet and making armchair SWCNTFs for investigation of effects of structure and 
changing the π electron clouds of SWCNTFs on the cation-π interactions. 
 
SWCNTs) were examined to find how can make cation-
SWCNTF complexes with large binding energies. 
 
COMPUTATIONAL METHODS 
Structures of all monomers and complexes were 
optimized with Gaussian09 program package [36] at the 
M05-2X/6-31G (d) level of theory.  
Zhao & Truhlar proposed that the M05-2X functional 
compensates the deficiencies of other hybrid functionals 
by incorporating an improved treatment of spin kinetic 
energy density in both the exchange and correlation 
functionals. The M05-2X functional has been utilized for 
evaluation of the cation-π binding energies [37]. 
The topological properties of electron charge density  
have been calculated by the AIM method on the wave 
functions obtained at the M05-2X/6-31G(d) level of theory 
using AIM2000 program [38]. The diamagnetic and 
paramagnetic effects of ring currents related to aromaticity 
and anti-aromaticity can be evaluated by Nucleus Independent 
Chemical Shift (NICS) [39,40] criterion. The NMR 
calculations have been performed at the M05-2X/6-31G(d) 
level of theory using GIAO (gauge independent atomic 
orbital) method [41]. 
RESULTS AND DISCUSSION 
Structural parameters and energy data 
A C102H30 graphene sheet was constructed with 
HyperChem 7.1 software [42]. This graphene sheet has 
the C2v symmetry (see scheme 1). To make SWCNTFs, 
Potential Energy Surface (PES) relaxed scans have performed. 
In fact, distances of terminal hydrogens of the graphene 
sheet were fixed as redundant coordinates. These 
distances were reduced by 10 Å during 100 step-by-step 
full optimizations. Thus, each SWCNTF has a true strain 
parameter (R) which can be estimated as below: 
R = Ln (r0/r)                                                                    (1) 
In this equation r0 and r are the distances between 
terminal hydrogens of the graphene sheet and SWCNTFs, 
respectively. The binary Na+-graphene and Na+-
SWCNTF complexes are made from 1:1 ratio of 
Na+:graphene and Na+:SWCNTF, respectively. Thus, 
interaction energy of each binary complex is obtained 
from difference between energy of it and energies of the 
constituting monomers: 
ENa+-graphene=ENa+-graphene– (ENa+ + Egraphene)                    (2) 
ENa+-SWCNTF=ENa+-SWCNTF–(ENa++ ESWCNTF)                   (3) 
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Non-covalent cation-π interactions of the Na+ cation 
on the central rings of graphene and SWCNTFs  
have investigated. Binding energies of all Na+-SWCNTF 
complexes versus R values have depicted in Fig. 1.  
As can be seen, ΔE values change in three brands.  
To explain this binding energy changes, the most important 
structural parameters of all complexes have studied. 
Results show that the cation-π interactions of the  
Na+ cation on the central rings of SWCNTFs  
lead to increment of bond lengths of these rings (C1-C2 
or C2-C3 bonds in scheme 1). However, unlike covalent 
functionalization, these interactions don’t deform 
surfaces of SWCNTFs. In Fig. 2, ΔE values against the 
C1-C2 bond lengths of all binary complexes have 
demonstrated. As can be seen, binding energies against 
the C1-C2 bond lengths change in three brands. In the 
first brand (■), ΔE values nearly are the same, but C1-C2 
bond lengths are not the same. In the second brand (▲), 
decrement of ΔE values is followed by increment of  
the C1-C2 bond lengths. On the other hand, increment of 
ΔE values in the third brand (×) is accompanied by increment 
of the C1-C2 bond lengths. Results show that rolling up 
the graphene sheet firstly lead to decrement of the C1-C2 
bond lengths. However, this decrement in the C1-C2 
bond lengths continues to a minimum and then increment 
of the C1-C2 bond lengths occurs.  Thus, structural 
features of SWCNTFs influence the cation-π interactions. 
In fact, rolling up the graphene sheet leads to changes  
in the π electron clouds of SWCNTFs and results  
in different cation-π binding energies.  
The equilibrium distance between the Na+ cation and 
graphene or each SWCNTF is denoted as Rcation...π. 
Correlations between Rcation...π values and binding energies 
may help to answer the observed changes in the  
ΔE values. These correlations have shown in Fig. 3 for  
all binary complexes. As can be observed, in the first (■) 
and second (▲) brands, increment of binding energies  
is accompanied by increment of Rcation...π values. In the third 
brand (×), complexes with the lower Rcation...π values have 
the higher binding energies. In this brand, increment of 
ΔE values goes with increment of the C1-C2 bond 
lengths. These increases in the C1-C2 bond lengths mean 
that hyper conjugation effects diminish in these bonds 
which arise from lower overlapping between the p 
orbitals. In fact, the π electrons are somewhat localized  














Fig. 1: The binding energies of the Na+-graphene and  
Na+-SWCNTF complexes versus true strain parameter for the 














Fig. 2: The binding energies of the Na+-graphene and Na+-
SWCNTF complexes against the C1-C2 bond lengths for the 














Fig. 3: The binding energies of the Na+-graphene and Na+-
SWCNTF complexes against vertical distance between the Na+ 
cation and SWCNTFs for the first (■), second (▲), and third 
(×) brands. 
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Fig. 4: The binding energies of the Na+-graphene and Na+-SWCNTF complexes versus ρRCPs at the central rings  
of the graphene sheet and SWCNTFs (a) and versus ρCCPs (b) for the first (■), second (▲), and third (×) brands. 
 
reveal that partially localization of the π electron clouds 
of SWCNTFs lead to enhancement of the binding 
energies to some extent. 
Results show that interactions of the Na+ cation with 
the partially localized π electron clouds of SWCNTFs 
lead to decrement of Rcation...π values. On the other hand, 
interactions of the Na+ cation with the delocalized  
π electron clouds of SWCNTFs lead to increment of 
Rcation...π values. Thus, delocalization and localization of 
the π electron clouds of SWCNTFs can become important 
in the cation-π interactions and alter the Rcation...π values.  
In accord with the Koopmans theorem [43] ionization 
energy (I) and electron affinity (A) can be considered as -
EH and -EL (EH and EL are HOMO and LUMO energies), 
respectively. On the basis of the Mulliken theory [44], 
tendency of a species to liberate electron at its ground 
state is considered as electron chemical potential which 
can be evaluated as below: 
μ= - (I +A)/2                                                                   (4) 
Results revealed that increment of R is accompanied 
by decrement of EH and EL values of SWCNTFs. Indeed, 
EH and EL values of the Na+-SWCNTF complexes are 
lower than the graphene sheet and SWCNTFs. Thus,  
non-covalent cation-π interactions on SWCNTs increase 
tendency of these materials to release electrons.  
Surface modification of SWCNTs by imidazolium-
based ionic liquids has been reported [32]. However, 
further studies revealed that only surfactants with small 
cations (H+, Li+ and Na+) can modify electronic properties 
of SWCNTs. Also, DNA and proteins can change electronic 
structure of SWCNTs [35]. Results of this study also 
indicate that electronic properties of SWCNTFs change 
upon non-covalent cation-π interactions. 
 
AIM analysis 
To interpret the observed changes in the binding 
energy values of the Na+-graphene and Na+-SWCNTF 
complexes, AIM calculations have performed on the 
wave functions obtained at the M05/2X 6-31G(d) level of 
theory. Electron charge density values at the bond critical 
points (ρBCP) of all monomers and complexes confirm  
the structural parameters. Formation of the Na+-graphene 
and Na+-SWCNTF complexes leads to enhancement of the 
electron charge density values at the ring critical points 
(ρRCP) of the central rings of the graphene sheet and 
SWCNTFs. Results show that increment of R goes with 
increment of ρRCP values at the central rings of the Na+-
graphene and Na+-SWCNTF complexes. Therefore, 
rolling up the graphene sheet leads to enhancement of the 
electron charge density values at the central rings of 
SWCNTFs. In Fig. 4a, the binding energies versus ρRCP 
values at the central rings of the Na+-SWCNTF 
complexes have presented. As can be seen, in the first (■) 
and second (▲) brands, decrement of ρRCP values  
is followed by increment of binding energies. In contrast, 
increment of ρRCP values in the third brand (×)  
is accompanied by increment of the binding energies.  
In fact, in the first (■) and second (▲) brands, interactions 
of the Na+ cation with the delocalized π electron clouds 
of SWCNTFs lead to increment of Rcation...π values. 
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Fig. 5: The binding energies of the Na+-graphene and 
Na+-SWCNTF complexes against NICS(1) values at the 
central rings of the graphene sheet and SWCNTFs for 
the first (■), second (▲), and third (×) brands. 
 
On the other hand, in the third brand (×), interactions of 
the Na+ cation with the partially localized π electron 
clouds of SWCNTFs lead to decrement of Rcation...π values. 
Therefore, electron charge densities at rings of SWCNTs 
manipulate Rcation...π values. These results show that 
properties of the π electron clouds of SWCNTs influence 
the surface modifications of these materials through the 
cation-π interactions. In Fig. 4b, the binding energies 
versus ρCCP values of the Na+-SWCNTF complexes have 
shown. Comparison of Fig. 5a and Fig. 5b indicate that  
in the first (■) and second (▲) brands, decrement of ρRCP 
values at the central rings of the graphene sheet and 
SWCNTFs is equivalent to increment of ρCCP values.  
As was said, delocalization of the π electron clouds of 
SWCNTFs is important for enhancement of ΔE values  
in these cases. However, increment of ρRCP values  
in the third brand (×) is comparable to decrement of ρCCP 
values. In this case, partially localization of the π electron 
clouds of SWCNTFs plays imperative role in favor of 
enhancement of ΔE values. Consequently, ρRCP and ρCCP 
values explain effects of delocalization and partially 
localization of the π electron clouds of SWCNTs  




The NMR calculations have been performed at the 
M05-2X/6-31G(d) level of theory using GIAO method. 
The NICS(0) and NICS(1) values at the central rings of 
the graphene sheet and SWCNTFs were calculated. 
Results prove that rolling up the graphene sheet leads  
to decrement of these values. In fact, rolling up the planar 
graphene sheet leads to changes in the π electron clouds 
of SWCNTFs. The NICS(0) values reveal effects of  
σ-bonds at rings, while NICS(1) ones reflect π-bond effects 
at rings. Therefore, NICS(1) is a better criterion than 
NICS(0) and stands for the π-aromaticity at rings. 
The binding energies of the Na+-graphene and  
Na+-SWCNTF complexes versus NICS(1) values  
at the central rings of the graphene sheet and SWCNTFs 
have shown in Fig. 5. As can be seen, in the first (■) and 
second (▲) brands, decrement of NICS(1) values  
is followed by decrement of the binding energies.   
As was said, in these cases delocalization of the π electron 
clouds of SWCNTFs (which is related to the π-aromaticity) 
has major role on enhancement of ΔE values. In contrast, 
in the third brand (×) different behavior is observed.  
In this case, decrement of NICS(1) values leads to increment 
of the binding energies. Thus, partially localization of the 
π electron clouds of SWCNTFs (which is related to the 
less π-aromaticity) is an essential factor which enhances 
the cation-π binding energies. This consequence is in 
good consistent with the results of AIM analysis and 
emphasizes the role of partially localization of the  
π electrons in augmentation of the cation-π binding 
energies. It should be noted that rolling up the graphene 
sheet (C102H30) leads to decrease of aromaticity at rings of 
each obtained SWCNTF compared to the previous one 
and graphene sheet. The 100 step-by-step PES relaxed 
scans make SWCNTFs which have rings with low 
aromaticity and therefore partially localized -electron 
clouds in comparison with graphene. Further rolling up 
leads to more localized rings at walls of the made carbon 
nanotubes. However, further rolling up weren’t 
performed to make carbon nanotubes because 100 step-
by-step PES relaxed scans make necessary partially 
localization at rings of SWCNTFs. 
 
CONCLUSIONS 
A C102H30 graphene sheet has been rolled up through 
100 step-by-step optimizations by computational 
quantum chemistry methods to build Single-Walled 
Carbon Nanotube Fragments (SWCNTFs) as parts of 
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Non-covalent cation-π interactions of the Na+ cation on 
the central rings of SWCNTFs have been investigated. 
The binding energies of all Na+-SWCNTF complexes 
versus true strain parameter change in three brands. 
Structural characteristics of SWCNTFs influence  
the cation-π interactions. Surface modifications through 
the cation-π interactions increase tendency of SWCNTs 
to liberate electrons.  In some Na+-SWCNTF complexes 
delocalization of the π electron clouds of SWCNTFs 
(which is related to the π-aromaticity) is significant and 
leads to increment of the cation-π binding energies.  
In contrast, partially localization of the π electron clouds of 
SWCNTFs (which is related to the less π-aromaticity) is 
an important factor which enhances the cation-π binding 
energies in some cases. Changing the π electron clouds of 
SWCNTs may help to improve surface modification of 
these materials through the cation-π interactions, which 
has important applications such as in storage of electric 
energy by transportation of cations through the walls of 
SWCNTs and enhancement of the hydrogen absorption 
compared to pure SWCNTs. 
 
Acknowledgements 
I thank the research consul of university of Zabol for 
financial supports and appreciate from scientific guidance 
of Professor Ali Ebrahimi. 
 
Received : Sept. 30, 2014  ;  Accepted : Jan. 18, 2016 
 
REFERENCES 
[1] Tasis D., Tagmatarchis N., Bianco A., Prato P., 
Chemistry of Carbon Nanotubes, J. Chem. Rev, 106: 
1105–1136 (2006). 
[2] Painter G.S., Ellis D.E., Electronic Band Structure 
and Optical Properties of Graphite from a 
Variational Approach, J. Phys. Rev. B, 1: 4747–4752 
(1970). 
[3] Blasé X., Benedict L.X., Shirley E.L., Louie S.G., 
Hybridization Effects and metallicity in Small 
Radius Carbon Nanotubes, J. Phys. Rev. Lett, 72: 
1878–1881 (1994). 
[4] Naseri  A., Barati R., Rasoulzadeh F.,  Bahram  M., 
Studies on Adsorption of Some Organic Dyes from 
Aqueous Solution onto Graphene Nanosheets, 
Iranian Journal of Chemistry and Chemical 
Engineering (IJCCE), 34: 51-60 (2015). 
[5] Ma J., Wang J.N., Tsai C.J., Nussinov R., Buyong M.A., 
Diameters of Single-Walled Carbon Nanotubes 
(SWCNTs) and Related Nanochemistry and 
Nanobiology, Front. J. Mater. Sci. China, 4: 17–28 
(2010). 
[6] Wang Y.Y., Wang X., Wu B., Zhao Z., Yin F., Li S., 
Qin X., Chen Q., Dispersion of Single-Walled 
Carbon Nanotubes in Poly (diallyldimethylammonium 
chloride) for Preparation of a Glucose Biosensor,  
J. Sensors and Actuators B: Chemical, 130: 809-815 
(2008). 
[7] Bianco A., Kostarelos K., Prato M., Applications of 
Carbon Nanotubes in Drug Delivery, J. Current 
Opinion in Biotechnology, 9: 674-679 (2005).  
[8] Srinivasan, C., Carbon Nanotubes in Cancer Therapy, 
J. Current Science, 94: 300-301 (2008). 
[9] Harris P.J.F., "Carbon Nanotube Science, Synthesis, 
Properties and Applications", Cambridge University 
Press, Cambridge, (2009). 
[10] Kang S., Pinault M., Pfefferle L.D., Elimelech M., 
Single-Walled Carbon Nanotubes Exhibit Strong 
Antimicrobial Activity, J. Langmuir, 23: 8670-8673 
(2007). 
[11] Lin Y., Taylor S., Li H.P., Fernando K.A.S., Qu L.W., 
Wang W., Gu L.R., Zhou B., Sun Y. P.,  Advances 
Toward Bioapplications of Carbon Nanotubes,  
J. Mater. Chem, 14: 527-541 (2004). 
[12] Star A., Liu Y., Grant K., Ridvan L., Stoddart J.F., 
Steuerman D.W., Diehl M.R., Boukai A., Heath J. R., 
Noncovalent Side-Wall Functionalization of Single-
Walled CarbonNanotubes, J. Macromolecules, 36: 
553-560 (2003). 
[13] Lin Y., Allard L.F., Sun Y.P., Protein-Affinity of 
Single-Walled Carbon Nanotubes in Water, J. Phys. 
Chem. B, 108: 3760-3764 (2004). 
[14] Huang W., Taylor S., Fu K., Lin Y., Zhang D., 
Hanks T.W., Rao A.M., Sun Y.P., Attaching 
Proteins to Carbon Nanotubes via Diimide- 
Activated Amidation, J. Nano Lett, 2: 311-314 
(2002). 
[15] Dougherty D.A., Cation-π Interactions in Chemistry 
and Biology: A New View of Benzene, Phe, Tyr, 
and Trp. Science, J. Science, 271: 163-168  
(1996). 
[16] Ma J.C., Dougherty D.A., The Cation-π Interaction, 
J. Chem. Rev, 97: 1303-1324 (1997). 
Iran. J. Chem. Chem. Eng. Karimi P. Vol. 35, No. 3, 2016 
 
42 
[17] Lund-Katz S., Phillips M.C., Mishra V.K., Segrest J.P., 
Anantharamaiah G.M., Microenvironments of  
Basic Amino Acids in Amphipathic .alpha.-Helixes 
Bound to Phospholipid: 13C NMR Studies Using 
Selectively Labeled Peptides, J. Biochemistry, 34: 
9219-9226 (1995).  
[18] Gromiha M.M., Santhosh C., Ahmad S., Structural 
Analysis of Cation-pi Interactions in DNA Binding 
Proteins, Int. J. Biol. Macromol, 34: 203-211  
(2004). 
[19] Gallivan J.P., Dougherty D.A., Cation-π Interactions 
in "Structural Biology, Proc. Natl. Acad. Sci.", USA, 
96: 9459-9464 (1999). 
[20] Zhong W., Gallivan J.P., Zhang Y., Li L., Lester H.A., 
Dougherty D.A., From ab Initio Quantum 
Mechanics to Molecular Neurobiology: a Cation-pi 
Binding site in the Nicotinic Receptor, Proc. Natl. 
Acad. Sci. USA, 95: 12088-93 (1998).  
[21] Beene D.L., Brandt G.S., Zhong W., Zacharias N.M., 
Lester H.A. Dougherty D.A., Cation−π Interactions 
in Ligand Recognition by Serotonergic (5-HT3A) and 
Nicotinic Acetylcholine Receptors:  The Anomalous 
Binding Properties of Nicotine, J. Biochemistry 41: 
10262-10269 (2002).  
[22] Xiu X., Puskar N.L., Shanata J.A.P., Lester H.A., 
Dougherty D.A., Nicotine Binding to Brain 
Receptors Requires a Strong Cation–π  Interaction, 
J. Nature, 458: 534-537 (2009). 
[23] Thess A., Lee R., Nikolaev P., Dai H., Petit P., 
Robert J., Xu C., Lee Y.H., Kim S.G., Rinzler A.G., 
Colbert D.T., Scuseria G., Tomanek D., Fischer J.E., 
Smalley R.E., Crystalline Ropes of Metallic  
Carbon Nanotubes, Science, 273: 483-487  
(1996). 
[24] Lee R.S., Kim H.J., Fischer J.E., Thess A., Smalley R.E., 
Conductivity Enhancement in Single-Walled Carbon 
Nanotube Bundles Doped with K and Br,  
J. Nature, 388: 255-257 (1997). 
[25] Rao A.M., Eklund P.C., Bandow Sh., Thess A., 
Smalley R.E., Evidence for Charge Transfer in 
Doped Carbon Nanotube Bundles from Raman 
Scattering, J. Nature, 388, 257-259 (1997). 
[26] Chen P., Wu X., Lin J., Tan K.L., High H2 Uptake 
by Alkali-Doped Carbon Nanotubes Under Ambient 
Pressure and Moderate Temperatures, Science, 285: 
91-93 (1999). 
[27] Froudakis G.E., Why Alkali-Metal-Doped Carbon 
Nanotubes Possess High Hydrogen Uptake, Nano 
Lett, 1: 531-533 (2001). 
[28] Fischer J.E., Carbon Nanotubes: a Nanostructured 
Material for Energy Storage, Chemical innovation, 
30: 21-27 (2000). 
[29] Dahn J.R., Zheng T., Liu Y., Xue J.S., Mechanisms 
for Lithium Inretion in Carbonaceous Materials, 
Science, 270: 590-593 (1995). 
[30] Meunier V., Roland C., Bernholc J., Ab 
Initio Investigations of Lithium Diffusion in Carbon 
Nanotube Systems, Phys. Rev. Lett, 88: 075506 
(2002). 
[31] Mpourampakis G., Tylianakis E., Papanikolaou D., 
Froudakis G., Theoretical Study of Alkaline Cations 
in Carbon Nanotubes., Rev. Adv. Mater. Sci, 11: 92-
97 (2006). 
[32] Mpourmpakis G., Tylianakis E., Papanikolaou D., 
Froudakis G.E., A Multi Scale Theoretical Study of 
Li+ Interaction with Carbon Nanotubes, J. Nanosci. 
Nanotechnol, 6: 3731-3735 (2006). 
[33] Wang J., Li Y., Selective Band Structure Modulation 
of Single-Walled Carbon Nanotubes in Ionic 
Liquids, J. Am. Chem. Soc., 131: 5364-5365  
(2009). 
[34] Priyakumar U.D., Punnagai M., Mohan G.P.K., 
Sastry G.N., A Computational Study of Cation–π 
Interactions in Polycyclic Systems: Exploring  
the Dependence on the Curvature and Electronic 
Factors, Tetrahedron, 60: 3037-3043 (2004). 
[35] Wang X., Li Q., Xie J., Jin Zh., Wang J., Li Y., 
Jiang K., Fan Sh., Fabrication of Ultralong and 
Electrically Uniform Single-Walled Carbon 
Nanotubes on Clean Substrates, J. Nano Lett, 9: 
3137-3141 (2009). 
[36] Gaussian 09, Revision A.1, Gaussian, Inc., 
Wallingford CT, (2009). 
[37] Wheeler S.E., Houk K.N., Substituent Effects in 
Cation/π Interactions and Electrostatic Potentials 
above the Center of Substituted Benzenes Are Due 
Primarily to through-Space Effects of the 
Substituents, J. Am. Chem. Soc, 131: 3126-3127 
(2009). 
[38] Bader R.F.W., “Atoms in Molecules: A Quantum 
Theory", Oxford University Press, New York, 
(1990). 
Iran. J. Chem. Chem. Eng. Effects of Structure and Partially Localization ... Vol. 35, No. 3, 2016 
 
43 
[39] Schleyer P.V.R., Maerker C., Dransfeld A., Jiao H., 
Hommes N.J.R.V.E., Nucleus-Independent 
Chemical Shifts:  A Simple and Efficient 
Aromaticity Probe, J. Am. Chem. Soc, 118: 6317-
6318 (1996). 
[40] Chen Z., Wannere C.S., Corminboeuf C., Puchta R., 
Schleyer P.V.R., Nucleus-Independent Chemical 
Shifts (NICS) as an Aromaticity Criterion. J. Chem. 
Rev, 105: 3842-3888 (2005). 
[41] Wolinski K., Hinto J.F., Pulay P., Efficient 
Iimplementation of the Gauge-Independent Atomic 
Orbital Method for NMR Chemical Shift 
Calculations, J. Am. Chem. Soc., 112, 8251-8260 
(1990). 
[42] HyperChem® for Windows and NT, 1996, 
Hypercube, Inc., Publication HC50-00-04-00 
October. 
[43] Koopmans T.A., Über die Zuordnung von 
Wellenfunktionen und Eigenwerten zu den einzelnen 
Elektronen eines Atoms, Physica, 1: 104-113 
(1934). 
[44] Mulliken R.S., A New Electroaffinity Scale; 
Together with Data on Valence States and on 
Valence Ionization Potentials and Electron 
Affinities, J. Chem. Phys, 2: 782-793 (1934). 
